CH ARACTERIZATION OF THE ELASTIC CONSTANTS OF UNIDI RECTIONAL
LAMINATES using OBLIQUE-INCIDENCEPULSED DATA

Ajit K. Mal and Shyh-Shiuh Lih
Mechanical, Acrospace and Nuclear Engineer ing Departinent
university of California 1 .0s Angcles, California

Y oseph Bar-Cohen
Jet Propulsion Laborator y, California Institute ot Technology
Pasadena, Caltfornia

INTRODUCTION

Composites are increasingly applied tor tabrication of fracture-ci itical structures and theit subcomponents
with graphite/epoxy as the most widelyused material in aircraft structures.  These materials provide ane ffective
combination of tough ness, specific strength, modulus and damagetolerance.  However, composites are very
sensitive to the.ir manutacturing processes, service conditions and the natural environment, either one. orallof
which may introduce detfects resulting in a serious degradation of the material.  Further, as these’. materials age,
their propert ies are degraded and it becomes increasingly critical to nondest ructively evaluate them for repair or
reject

Ultrasonics offer the most capable inspection technology” and several recently developed techniques appear
to have the potential of significantly improving the state - of- the - art in ND}itechnology. Particulaily capable
is the leaky Lamb wave (1.1 . W)technique, in which aspecimen is immersed in water is testedby two
broadband ultrasonic transducers in apitch - catcharrangement.  In this method, a variety of waves are
generated within the specimen and cach of these waves carties gpe ctfic information on the characte ristics ot the

material,  Carefulanalysis of the recorded waveformscan,in principle, unravel thisinformation{1-3]

In this paper, we apply the LLW technique to determine the stiffiess constants of unidirectional graphite/
epoxy materials. A systematic procedure was proposed by Karim, Mal und Bar-Cohen 4] through an mversion
of the LW dispersion data was determined as an effective method to characterize the elastic constants of
graphite/epoxy composites.  The authors caretul parameter study showed that this method can only be used to
accurately determine the matrix dominated stiffness constants ¢, ¢y and ¢ Due to the tact that the Lamb
wave velocity is insensitive 1o ¢ and ¢ in the range in which the dispersion data are reliable, this fiber
dominated constants can not be determined accurately by this procedure.

In this paper, we describe 4 new technique which cun be used to determine all five stiffness constants by
analyzing the tmes-of-tlight of the recorded reficcted acoustic waves i a pulsed LW experiment. A
vencralized ray theory deseribed in Mal er ol | 5] 1s used to tdentity the modality and ray path of cach arrival;
the time of light of cach ray 15 then related to the clastic constants of the composite. The accuracy of the
inversion procedure is discussed.

THE ULTRASONIC EXPERIMENT

The general principle of the experiment is the use of an ultrasonic pitch-cateh arrangement with an access to the
test material from a single side. An ultrasonic broadband wave insonities the specimen, immersed in water, at
an oblique angle and the reflected signals ares recetved by a scecond transducer. A description of the set-up was
shown carlier in the literature, for exampie see Fig, 1. A number of that, broadband transducers with center
frequencies in the range of 0.5 - 10 Mz are used and the signals, transnutted either i tone-burst or short pulse
torm, are used to study the matertal characteristies.
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Fig..1: The experimental set-up.

The tent:-hulst signalsare generated by atunction gencrator HP8116A to establish a sttwdy-state. condition. At
specificang les of incidence the reflected signalis recorded as i function of frequency, amplified, averaged and
digitized with the aid of an SRS gatedinteg rator.  The amplitude spectrum of the reflected signal is obtained by
changingthe frequency of the tone-burst signal over the individual transducers® effective spectral range. For
angle of incident, 8, that are greater than ©Crtain critical vl ye, multi-modal dispe raive euided waves arc induced
in thespecimen a afinite number of specific frequencies OF excitation.  The guided waves propagate in a
dire’ction parallel to the surfaces of the specimen andleak energy into the surrounding fluid. The leaky waves
interfere with the specularly reflected wave to form minima or “nulls” in the amplitude spectra of the reflected
signal at the modal frequencies of the guided waves. The phase velocity, V, of the guided waves is related to
the angle of incidence, 0, through Snell’s law:

V = o,/ sin0

where q is the acoustic wave speed in the fluid. Thus, for a given angle of incidence, the minima or nulls in
the reflection amplitude spectrum are associated with the excitation of leaky guided waves in the specimen.
Dispersion curves for the specimen are determined from the minima frequency as a function of the phase
velocity, The material constants and the thickness of the specimen are related to the dispersion curves and can
be determined by fitting the experimental curves with those obtained from theory.

In the second method, pulsed signals are transmitted in either a pulse-ccho or pitch-catch arrangement [3].
The reflected signals in the time-domain are recorded and if there is clear separation between the individual
pulses, their measured times-of-ight are used to determine the material constants through analysis.

CHARACTERIZATION OF MATERIAL CONSTANTS FROM LLW EXPERIMENT

The basic wdea behind the. technique [4] is to obtain the experimental | LW dispersion curves for the test
specimen tor which the theoretical dispersion curves can be determined using the expectedfive stiffness
canstants of the specimen,  Then, the specimen stiffness constants are determined consistent by “best fit”
between the theoretical and measured curves. As anexample, a umdirectional 1 mm thickness graphite/epoxy
faminate was tested both experimentally and theoretically for waves propugating at 0’, 45" and 90" to the fibers.
The material const yunts were  determined from inversion and they are as follows:

Gy o 16073, ¢ = 6,44, ¢on = 13292, 60y = 6,92, ¢ = 707 (units in GPu)

Overnall, the data obtained for unidirectional, cross-ply and quasi-isotropic graphite/epoxy laminates were




documented in the literatureand have shown a very good fitbetween the. measured and caleulated dispersion
curves [4-5]. However, the relation between the calculated wave speed and the unknown  stiffness constants  is
highly nonlinear andthe solution” to the inversion problem is nonunique. In addition, each stiffuess constant has
a diffcrent influence on the dispersion curves, and this can affect the accuracy of its estimated value. Data
errors also play an important role in the inversion algorithim.  These issues have not been carefully studied.

A detailed andsystematic parameter study was carried out o determinetheinfluence of the five stiffness
constants on the dispersion curves. The authors examined both the symmetric and antisymmetric Lamb wave
modes for wave propagation at 0°, 45° and 90" to thefibers, Changes in ¢y, Cny, €55 have shownastrong
influence on allmodes of the dispersion curves, while ¢, only affected the first symmetric mode at the high
velocit y range. Tests at the high velocit y range require.s small incidence angles (<10") which are difficult and
lime-consuming to set experimentally, and the errors in locating the minima in the dispersion curves are large.
Fuither, the constant ¢, does not seem to have significantinfluence on any of the modes. *1'bus, practically only
three constants ca, €y, and Cs can be determined accurately from the dispersion curves.  The authors examined
the feasibility of using time-domain data as an alternative technique to obtain accurate estimates of all five
constants and,at the sametime, is simpler to implement both in the [aboratory and in field environments.

CHARACTERIZ ATION OF THE MATERIAL CONSTANTS FROM TIME-DOMAIN DATA

Raytheory-Consider a umdirectional composite plate witn thickness Hand density pimmersed in a fluid as
shown nFig. 1. Assume that the material is homogencous and transversely isotropic” with symmetry axis
along x;and characterized hy five stiff ness constants, ¢, €}, Css, Cay, and ¢g. The Cauchy 's equation of
motion for the material is

0y = ;=0 )

wherew; is the displacement vector and g, is thestress tensor.  Assume plane wave solutions of (1) inthe form
Wkry » ke v kyxy) = Lot

u : Uge (kypry + kexy v kyxy) = Lo (2)

whiere &y, &, and ky represent the wavenumbe rs along the x), x, and xydirections, respectively, and is the
cireular frequency.  From (1), (2) and the constitutive relations tor the material we obtain the following”
cigenvalue problem for calculation of the wave speed in agiven direction:

a,E1vay(£3+ ()1 ak,£, 0,5, ul o

06,6 a€lea€0ali1  (a,-a)6  |] Uit = 10 3)
0,64 @a)td  aElala -1l 0

where :

ay = eplp, @y = epfp,s ay = (€ *oegdlps ag s (G 2P, ag = Cglp )

€, = Ko, & = kjo, { = kjo
In the ultrasonic experiment, £, and &, are related to the incident angle 0 and fiber orientation ¢ in the form
sinQ cos ¢ sinQ sin ¢
E] - . » E') = - o (5)

o, g,

where a, s the acoustic wave speed in water (= 1485 mm/ps). Then, {is given by the condition of nontrivial
sotutions of (3). It can be shown that there are three values of §, giving rise to three rays ina given direction:

Go-bo- B (k- 1,2, ) (©6)

where
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The ray diag ram for a plane wave transmitted ink) a unidirectio nal composite plateis shown inFig. 2a.
1 lereR® indicates the first reflected wave from the top surface of the plate, the rays labeled 1, 2,3 are
associated with the three transmitted waves inside the plate in a decreasing order of their speeds, the rays
labeled 11, 12, ..., and 33 are associated with the waves reflected fromthe bottom” Of the plate, and “1’,, 15, T4
indicate the waves transmitted into the fluid through the bottom” Of the plate.  From Snell’s krw, the velocities
Vi, V, and the angles,,0, in the diagram arerelated through

sinO  sin Ok _sinO,
ao Vk - - V y

(®)

(a) (b)

Fig.2, Ray diagrams of the reflected waves in a unidirectional composite laminate,

Two possible ray paths leading to the. same point on the receiverare sketched in Fig. 2b. It wedenote the
difference in the arrival timesbetween rays along paths DO and O'BOby s, theny, canbe expressed as

TP PR PR ©
whete
HGan 0, +1an0)sin O
. - o (tan 0, ) (o)
V, cos 0K V,cos 0, @

From (9) and (10), 1, canbeexpressed as

Hcos 0, Hcos 8,

p H _H "(f"”, 0, + farn 0,)sin 0
u V,cos8, V,cos 9, «, V.k Vz

<H( 7)) (11)

It should be noted that equation (11) is valid tor homogenous waves only, ie., when §, § are real. In general,
there are three possible bulk wave speeds in a composite material, and the recorded time history should contain
a reflected pulse from the top surfuce tollowed by nine reflected rays from the bottony of the plate and their
multiple reflections.  However, for a tixed orientation ¢ to the fibers, a certain homogencous wave will become
imhomogencous or evanescent it the incident angle 0 is larger than the eritical incident angle 8., Analysis of



waves propagating alongthefiber (¢ = 0% with di fferent incident angles shows that for the pulse-echo (0 = O7)
casconly the longitudinal waves exist so thatthereflected pulses are <1 1¢, “1111” etc. As the incident angle 0
mcreases, the mode converted reflected pulses become MoOte significant. When 0= 89, all of the pulses can be
identified cleatly. Whereas for 8 > 9, (= 8.4 the pulses with velocity v, disappear, and the most prominent
p ulse s 220,

Since the wave speed in a composite material is a function of the orientation ¢, it is possible to have critical

values of ¢ for a fixed value of 0. ~bus, some. 01 the homogenous waves may become evanescent when the
propagation angle ¢ is larger or smaller than a certain critical angle ¢..

THL Experimental Procedure - Based on the above theory, an experimental procedure was formulated to
determine the five stiffness  constants.

a) Pulse-echo experiment - In this case, &, £, =0, so that from (4)-(7)

¢ o= \/F’/sz’ G s \/?)7055’ 3 ® \[2@’7/7(‘7’:27‘ €23) (12)

and the corresponding eigenvectors tor {i, {o, and Hare (0,0, 1), (0, 1, 0) and (1, O, 0). Since only the
longitudinal wave can be transmitted into the fluid from the composite, only therays associated with { exist.
Hence the first pulse must be 11, and its arrival time is t,. From (11) and (12),

= pIC = dpHL, (13)

Thus the pulse-echo experiment provides the constant ¢, where t,; = 16. 83 us. Then, ¢, is found from
(13)tohel3.92 us, in agreement with the valucused in the theoretical calculation.

b) Obligue insonification with ¢ = 90" and incident angle ¢ > 0° - In this case,

£, 0,8, = sinQfa, b = VYa, by = la, by = la, (14)
and
G- -8+ la, (o= - & ¢ lag (5= - &+ a, (15)

It should be noted that the eigenvector associated with {> is (I, 0, 0), indicating that the particle motion is
paratlel to the fibers, and this transverse wave can not be transmitted into the thmd. 1 lence, there is no pulse
associated withthe coirrLr.siyopaine: ray path,and e arrived pulses shouldbe in the sequence 11+« 13", and
"33". In this experiment, the direction ¢ is keptfixed and the incident angle is inereased from 0 until the
pulses “ 11" and « 1 3" can be wentified clearly and t,, and t,; can he measured.  The constants ¢y, and ¢y can be
det ermined from the tormulas,

)

o 7 3 b v €y T 0 T -‘: n
(»111 )' :Yin?() 7113 . _t” )- sin®0 (16)
2 2 S a
2H «p noo2n o

Then ey and eaycanbe calculated from (1 6) as 1 3.92GPu and 6.92 GPuy, respectively
¢) Oblique insonttication with ¢ less than the critical angle ¢..

Atter 5 and ¢, have been determined, the constant ¢g can be found as follows.  With fixed incident angle
0, adjust ¢ such that the pulses "22" and "23" can be identified clearly. Then from measured to,, ¢g5 can be




determined from the formula,

2 ) .
Tl 1, 1., (n- -
ey © - "P ay “_9327 €33) [(_-3 IR sin O.im ¢ \ (17)
T sin*0cos?d 2p H 2H )

Hence ¢ can be determined from (17) as 7.08 GPa,
d) Oblique insonification with ¢ = O
The remiaining two unknowns ¢, rind ¢,, ¢an be determined from this procedure. The time of fight t;, and

t,» can be identified by changing @ from 0° to anangle less than the first critical angle @, Then{, and {;canbe
caleulated from (6) and ¢, and ¢, can be deternmned from the cquations,

a2cﬂc .ty . o
CH = [- o~ 22 5 = (»1. S IR 1]»(} ,‘.0
in*0 2 W02 sin*0
pcqgsin®0- pag)( _2,”) N
4 OC(:; Ly ha hyosoupe
C“:{CC.‘,"C' T Can ¥ C - CyC - N G © }/‘-C
12 (€)Cap * C55) S,.NQO[P( 2 * Css) 11€ss(( 2") (” 2") )] 5

Then, ¢, and ¢ are caleulated from (18) to be 161.8 GPa and 6.46 GPa, respectively.

Since experiment d) is difficult to carry out due to the small incident angle 0, an alternate method is
proposed to determine the remaining constant ¢, and ¢,-.  Our calculations have shown that the reflected field
changes significantly near the critical angle.

The arrival times of these pulses are strongly affected by ¢ near critical angle. We use this critical angle
phenomenon to determine the constants ¢, and ¢,a. Recall that the equation for the bulk wave speed V
associated with the constants ¢ and ¢;> can be written as

[(a,-a9) + (a-Vnda, - a3 =~ [ag - V' + (ag - VI(- ag + any)  + aga, - agnin3lning

wh et e 1y = cos ¢, 1 = sin @ The constants dy, ay, ds can be derived from the known constants o,y Cay Cosy
and theremaining unknowns @s and dy° can berclitedto ¢y, and ¢ through Eq. (s). Inthe critical cases ¢ =
¢, and V = a,/sinf. Hence it we can determine two critical angles from the experiment then the unknowns
a~ and ay” can be cale ulated from a system of linear equations.  In this case, the two critical angles are ¢, =
57.67" for® = 15", and ¢, = 68.10"for § = 20", so that ¢, and ¢;» can be calenlatedas 161.12 and 6.14
GPa., respectively.
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Fig. 3. Influence of the stiffness constant ¢, on the reflected signal
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Fig. 4. Influence of the stiffness constant ¢;» on the reflected signal.

Error Analysis - A n error analysis is carried outincach step o7 the experiments to determine the accuracy of
the time-domain technique as follows:

a) Pulse-ccho experiment
dcyy = - (Canf21,))01, Ifé = 40.02 us, then dey, = 4 0.0082 GPa

h) Obliqueinsontification with ¢ = 90 and incidentangle § > O*
20y ~ C29)
Beyy = Doy © B V88,4080,
&2+ G3)°
wherll 88, = cosd 80/, 68y = (8113 = 66 /2)/HL L 1 80=40. 1% and ér= 0.02 ps,thendey, = 4 0.012 GPa.

¢) Obligue insoni fication with ¢ less than the entical angle ¢

degg = -2cp = CI(C3 + EDIBEE, +(L38C, + E,08,)] + (Bey, - deggd((a+ ED VE]

1160 = 40.1°and & = 0.02 ps, then degg = 4 0.11 GPa. From the above analysis, it can be seen that the
constants determined in steps (a), (b) and (¢) are very accurate and small errors in the data have small effects on
the constants ¢ and ¢,.

a ) Oblique insoni fication with ¢ = O°

Since the equations for the determination of the constants ¢ and ¢, are very complicated, numierical
estinuiles of the errors analysis were carned out and are presented in g, 150 It can be seen that the errors in
both cases are smaller than 10% 1t 67, and b7(5 are less than 0.1 psec. The errors in ¢ remain very small for
oy, and &7, up to 0.5 psee. However, the error in ¢, becomes very large when 8t becomes larger.  Hence, it
1s necessary 1o control the accuracy of the arnival time under 0.1 us to accurately evaluate ¢..

¢} Critical angle expernment:

As in d) it s difficult to obtain analytical estimates of the errors inan explicit form in this case. So we

computed the ertors by changing measured ¢ and 0 by small amounts near the eritical angles. For 60 == 4 0.1°
and 6¢.= 4 0.1¢ the error isc¢;; =-161.12 4 2.0 GPa and ¢;» = 6.144.0.8 GPa. We can see that the crrors in

¢y and ey induced by measurement errors are small, Henee, this procedure can be an accurate method for
practical application.




CONCLUDING Nt MARKS

The proposed method appears to be efficient und accurate in characterizing all 5 stiffness constants of a
unidirectional fiber-reinforced composite laminate. The error analysis shows that the determined constants are
insensitive to small errors in the data. Extension of work will provide a nondestructive procedure that can
determine the degree of materials degradation in unidirectional as well as multlayered composite systems.
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